disease (VWD) is a heterogeneous bleeding disorder caused by decrease or dysfunction of von Willebrand factor (VWF). A wide range of mutations in the VWF gene have been characterized; however, their cellular consequences are still poorly understood. Here we have used a recently developed approach to study the molecular and cellular basis of VWD. We isolated blood outgrowth endothelial cells (BOECs) from peripheral blood of 4 type 1 VWD and 4 type 2 VWD patients and 9 healthy controls. We confirmed the endothelial lineage of BOECs, then measured VWF messenger RNA (mRNA) and protein levels (before and after stimulation) and VWF multimers. Decreased mRNA levels were predictive of plasma VWF levels in type 1 VWD, confirming a defect in VWF synthesis. However, BOECs from this group of patients also showed defects in processing, storage, and/or secretion of VWF. Levels of VWF mRNA and protein were normal in BOECs from 3 type 2 VWD patients, supporting the dysfunctional VWF model. However, 1 type 2M patient showed decreased VWF synthesis and storage, indicating a complex cellular defect. These results demonstrate for the first time that isolation of endothelial cells from VWD patients provides novel insight into cellular mechanisms of the disease. (Blood. 2013;121(14):2773-2784 
Introduction
Von Willebrand disease (VWD) is the most common inherited bleeding disorder in humans, caused by mutations in the von Willebrand factor (VWF) gene. The disease is divided into 3 main types, based on the plasma phenotype: types 1 and 3 VWD are associated with partial or total quantitative deficiency of VWF, whereas type 2 VWD is associated with dysfunctional VWF. Type 1 VWD is the most common form of the disorder 1 but can be difficult to diagnose due to heterogeneity of its clinical and laboratory phenotypes, which reflect heterogeneity in the genetic basis and pathogenic mechanisms of this disease. 2 Moreover, the present classification system does not accurately predict response to desmopressin (DDAVP), which induces the release of VWF from endothelial cells (ECs) and is the principal therapeutic option for this subtype. Several large cohort studies have attempted to define the genetic basis of type 1 VWD, and numerous mutations have been reported. However, our understanding of the molecular and cellular basis of VWD is still limited.
VWF is a large plasma glycoprotein that mediates platelet adhesion to sites of endothelial damage and stabilizes circulating coagulation factor VIII (FVIII). It is produced mainly by ECs, where it is stored in Weibel-Palade bodies (WPBs) and from where it is released basally 3 or upon stimulation. 4 Endothelial VWF is also involved in the regulation of inflammation and angiogenesis, 5 indicating that this multidomain protein exerts diverse roles in vascular biology. Until now, limited access to patients' ECs has been a barrier to the understanding of the cellular pathophysiology of VWD. Studies on the cellular effects of VWF mutants have been performed using transfections of recombinant VWF in non-EC lines, which cannot entirely recapitulate the physiological endothelial milieu. For this reason, we isolated blood outgrowth endothelial cells (BOECs) from VWD patients to investigate the cellular mechanisms of VWD, an approach we have recently used to demonstrate the role of VWF in angiogenesis. 5 Here we use BOECs to explore how molecular defects in VWF affect its synthesis, processing, storage, and/or secretion in patients with type 1 and type 2 VWD. We find that patients with similar plasma VWF phenotypes but different mutations in the VWF gene can have distinct cellular phenotypes, confirming the heterogeneity in this disease. These data demonstrate that BOECs offer a unique insight into the molecular basis of VWD.
Materials and methods
Unless otherwise specified, all reagents were purchased from SigmaAldrich (Gillingham, UK).
BOEC isolation
BOECs were isolated as described. 5, 6 The study was approved by the ethics committees of the Hammersmith, Queen Charlotte's, and Royal Marsden hospitals; informed consent was obtained from all individuals in accordance with the Declaration of Helsinki.
Immunofluorescence (IF)
The endothelial identity of the BOECs was confirmed by IF analysis as described 5, 7 using a range of endothelial markers with antibodies to VWF (polyclonal: A0082; Dako, Ely, UK), vascular endothelial (VE)-cadherin (clone: 55-7H1; BD Biosciences, Oxford, UK), and Erg (clone: C20; Santa Cruz, Heidelberg, Germany). Secondary antibodies used were Alexa-fluor-488 (green) and Alexa-fluor 546 (red). Nuclei were visualized with TO-PRO-3 (blue). Coverslips were mounted with Fluoromount-G (eBioscience, Hatfield, UK) and imaged at room temperature with a Plan-Apochromat 633, 1.4 N.A., Oil lens as described.
5,7

Cell treatments
For measurement of VWF release, BOECs from VWD patients or healthy controls were seeded onto collagen-coated 6-well plates at a density of 10 000 cells per cm 2 . Forty-eight hours postseeding, the media were replaced with endothelial cell growth medium 2 (Lonza, Basel, Switzerland) without serum; confluent monolayers were stimulated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA), or dimethylsulfoxide control, for 75 minutes at 37°C. Conditioned media and cell lysates were then collected. For IF, cells were seeded onto collagen-coated coverslips at 53 000 cells per cm 2 and treated 6 PMA, as described previously, 24 hours postseeding. Nine healthy donors were used to establish normal mean and range of VWF protein levels in BOEC lysates or supernatants; each VWD sample obtained from single isolations was tested in triplicate.
Enzyme-linked immunosorbent assay (ELISA) and immunoblotting VWF concentrations were measured by ELISA. 8 Immunoblotting of wholecell lysates for propeptide and mature VWF were performed as described, 8, 9 using antibodies to VWF (Dako).
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
RNA was prepared from confluent BOECs as previously described. 5 Quantitative RT-PCR was carried out using the following primers to VWF (59-GCAGTGGAGAACAGTGGTG-39, 59-GTGGCAGCGGGCAAAC-39) and glyceraldehyde-3-phosphate dehydrogenase (59-CAAGGTCATCCAT GACAACTTTG-39, 59-GGGCCATCCACAGTCTTCTG-39). Four healthy donors were used to establish normal mean and range; each VWD sample obtained from single isolations was tested in triplicate.
VWF gene sequencing
Forty-seven primer sets were used to amplify the 52 exons and flanking intronic regions of the VWF gene by standard techniques (primer sequences available on request). Sequencing was performed using BigDye terminator chemistry (v3.1) on a Prism_3130xl genetic analyzer (Applied Biosystems, Warrington, UK). All primers were designed based on the sequence of VWF NG_009072.1, to ensure specific amplification of VWF and not the VWF pseudogene, and were checked for single nucleotide polymorphisms using SNPCheck (https://ngrl.manchester.ac.uk/SNPCheckV3/snpcheck.htm). Sequence files were aligned to the reference sequence VWF NG_009072.1 using DNA variant analysis software (Mutation Surveyor v 3.2.4; SoftGenetics, State College, PA). All detected variants were referenced against the ISTH-SSC VWF Online Database (http://www.vwf.group.shef.ac.uk/).
Electron microscopy (EM)
EM was performed as described 10 and viewed with a transmission electron microscope (Technai 12 G2 Spirit; FEI, Eindhoven, The Netherlands). Images were acquired using a Morada camera and iTEM software (Olympus SIS, Munster, Germany).
VWF multimer analysis
Multimer analysis of VWF from BOEC lysates or patients' plasma was performed as previously described and processed with Photoshop software (Adobe Systems Europe Ltd, Maidenhead, UK) to permit optimal visualization of the multimeric banding pattern.
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Statistical analysis
All numerical data are expressed as means 6 standard error of the mean (SEM). We analyzed data sets for significance with the Student t test, Wilcoxon signed rank, or Pearson correlation analysis. P values , .05 were considered statistically significant.
Results
VWD patients and healthy controls
Cells were isolated from 9 healthy controls (age, 45.2 6 3.3, mean 6 SEM; 6:3 male/female) and 4 type 1 VWD and 4 type 2 VWD patients. The patients' laboratory characteristics are displayed in Table 1 . The nucleotide changes in the VWF gene or the predicted amino acid changes are shown in Table 1 and supplemental Figure 1 (see the Blood Web site). The sequence variations in the patients' VWF gene were all present in a heterozygous state; patient VWD-10 was a compound heterozygote for 2 changes. Most of the patients had been treated previously with DDAVP. Type 1 VWD patients showed variable responses to DDAVP and in 1 case no response at all. DDAVP response data from 1 type 2M patient (VWD-17) were unavailable ( Table 1) .
BOEC isolation and culture
BOECs isolated and expanded in culture formed confluent monolayers with characteristic endothelial cobblestone morphology ( Figure 1A ). No morphologic difference in BOECs from healthy donors and VWD patients was observed (Figure 1 A-C) . The endothelial nature of BOECs was confirmed by confocal IF microscopy, using EC markers including VE-cadherin, the transcription factor Erg, and intercellular adhesion molecule 2 ( Figure 1A and Starke et al 5 ). BOECs were negative for the common leukocyte antigen CD45 (Starke et al 5 and data not shown).
VWF expression, storage, and release in BOECs from healthy donors VWF protein levels were measured in BOEC cell lysate and culture supernatant from 9 healthy donors, in the presence or absence of PMA, a potent secretagogue for WPB release ( Figure 1D ). The amount of intracellular VWF in BOECs varied significantly between donors (mean, 458 ng/mg; range, 59-1390). Basal VWF release was also variable (mean, 81 ng/mg; range, 7-214). As expected, PMA treatment caused a significant increase in the levels of VWF in the cell culture media (mean, 127 ng/mg; range, 27-229) and a significant decrease in VWF levels in the cellular lysate (mean, 186 ng/mg; range, 32-400) ( Figure 1D ). Repeated isolations from the same donor showed similar VWF levels, 6 PMA stimulation (supplemental Figure 2) , indicating good reproducibility within subject. Multimer gel analysis of BOECs from healthy donors showed the typical ladder of low-molecular weight (MW) and high-MW VWF, with a predominance of the lower-MW species, similar to reports from other cellular sources ( Figure 2E ).
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Confocal IF microscopy ( Figure 1B ) demonstrated that in healthy BOECs the majority of VWF staining was localized in WPBs, which appear as cigar-shaped rod-like structures, similar to those normally observed in other ECs in culture 4 and tissues 14, 15 (see Figure 1B) . EM confirmed the presence of rod-shaped WPBs with intraorganelle striations seen in longitudinal sections, reflecting the presence of VWF tubules ( Figure 1C ). Upon PMA stimulation, intracellular VWF staining was decreased, with a loss of WPB staining and the appearance of VWF strings at the cell surface ( Figure 1B ), as expected. 16 
BOEC phenotypes in type 1 VWD patients
Having established the cellular phenotype of VWF in BOECs from healthy donors, we next examined cells from type 1 VWD patients.
BOECs were successfully isolated from all patients with VWD studied, with no apparent correlation between the isolation success and levels of VWF (data not shown).
Analysis of VWF messenger RNA (mRNA) levels by realtime RT-PCR from BOECs demonstrated a reduction of VWF expression in 3 of 4 type 1 patients compared with controls (n 5 4) with considerable differences between patients ( Figure 2A ). Intracellular VWF protein was decreased in all type 1 VWD patients ( Figure 2B ) compared with controls (n 5 9). Significant linear correlation was found between mRNA levels and plasma VWF:Antigen (Ag) levels (R 5 0.9976, P 5 .0024; supplemental Figure 3A ), suggesting that, in these type 1 VWD patients, plasma levels of VWF are linked to VWF endothelial gene transcription. Intracellular VWF protein levels showed a trend toward positive correlation with VWF:Ag levels (supplemental Figure 3B ) as well as mRNA levels (supplemental Figure 3C) . Detailed cellular analysis of each patient revealed complex and heterogeneous phenotypes, described below. Patient VWD-10. Plasma analysis demonstrated very low levels of VWF:Ag (7 IU/dL) and VWF:Ristocetin Cofactor assay (RCo) (8 IU/dL) ( Table 1 ) with a very faint ladder of VWF multimers ( Figure 2F ). Because plasma VWF was detectable, although very low, and all multimeric forms were visible, this patient was classified as severe type 1 VWD. BOECs from this patient showed a particularly low expression of VWF mRNA ( Figure 2A ) and of intracellular VWF protein, nearly 10-fold below the normal range ( Figure 2B) , with undetectable release of VWF, either basal or upon agonist stimulation (Figure 3Ai ). Multimer analysis of BOEC cell lysate revealed a weak band corresponding to the VWF dimer 17 and absence of higher multimers ( Figure 2E ).
Confocal IF microscopy demonstrated almost total absence of VWF-specific WPB staining (Figure 3Aii) . Thus, the defect in this patient seems to be due to severely compromised endothelial synthesis of VWF. Sequencing of the VWF gene demonstrated that this patient is compound heterozygous for 2 different mutations: c.2438dupG, predicting loss of exon 17; and c.228114A.G, predicting incorporation of intron 17 sequence (Table 1 ; supplemental Figure 1 ).
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Patient VWD-8. Slightly higher plasma VWF:Ag levels (15 IU/dL) and VWF:RCo (14 IU/dL) are characteristic of this patient ( Table 1) . Analysis of patient plasma showed a full range of VWF multimers ( Figure 2F ). BOECs from this patient showed significantly reduced VWF mRNA levels ( Figure 2A ) and intracellular Figure 2B ), with undetectable basal or stimulated release of VWF (Figure 3Bi ). Multimer analysis of BOEC cell lysate revealed a band corresponding to the VWF dimer and absence of higher multimers ( Figure 2E ). Confocal analysis of BOECs confirmed the presence of some intracellular VWF; however, the cells lacked characteristic WPB staining (Figure 3Bii) , and no VWF strings were visible upon cellular stimulation with PMA. The meshlike pattern of intracellular staining of VWF suggested endoplasmic reticulum (ER) retention. Normal maturation of VWF requires cleavage of the propeptide by furin during its passage through the trans-Golgi, followed by the assembly of VWF into multimers. 19 An ER retention phenotype would be compatible with the defect in multimerization and would result in low propeptide cleavage. We investigated the levels of immature VWF, containing the propeptide sequence, compared with mature, fully processed VWF. BOECs from patient VWD-8 showed an increased level of immature, propeptide-containing VWF (;350 kDa), compared with control BOECs, and absence of mature VWF (;250 kDa) (Figure 3Biii ). EM confirmed the absence of WPB and showed an expansion of the ER (Figure 3Biv ), previously shown to correlate with accumulated unprocessed VWF. 20 Thus, in this type 1 VWD patient, a defect in VWF exit from the ER is combined with reduced mRNA synthesis. This patient was found to be heterozygous for the common exon 4-5 deletion in the VWF gene, which has been described in type 1 and type 3 VWD.
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Patient VWD-1. VWF:Ag and VWF:RCo plasma levels are similarly reduced in this patient (13 and 12 IU/dL, respectively; see Table 1 ). Plasma analysis revealed a weak full range of VWF multimers ( Figure 2F ). In BOECs from this patient, VWF mRNA and protein levels were reduced compared with controls (Figure 2A-B) , and no significant VWF release was observed upon stimulation with PMA (Figure 4Ai ). Multimer analysis of BOEC cell lysate revealed that only dimeric VWF was detectable in the cell lysates, similar to the previous type 1 VWD BOECs (Figure 2E ), suggesting a partial defect in multimerization. As in patient VWD-8, IF analysis of BOECs revealed some intracellular staining for VWF, mostly diffuse in an ER-like mesh, which was unchanged following PMA stimulation (Figure 4Aii) . Closer inspection by EM analysis revealed some rare elongated WPBs (Figure 4Aiii ). In this patient, the ratio between propeptide-containing and mature VWF appears increased compared with controls (Figure 4Aiv ), suggesting abnormal VWF processing through the ER, although not as severe as in patient VWD-8. These data suggest that, as in the previous case, the defect in patient VWD-1 is due to reduced mRNA synthesis combined with abnormal processing. Sequencing of the VWF gene demonstrated that this patient is heterozygous for a gene conversion event between the normal VWF gene and the VWF pseudogene, predicting 5 amino acid substitutions in exon 28 of the VWF gene (I1343V, V1360A, F1369I, S1378F, and R1379C; Table 1 and supplemental Figure 1 ). All of these substitutions had been associated previously with VWD, although not as part of a single conversion event.
Patient VWD-12. This type 1 VWD patient presents with higher VWF:Ag and VWF:RCo plasma levels (22 IU/dL and 15 IU/dL, respectively) compared with the other 3 studied. Plasma analysis revealed a full range of VWF multimers ( Figure 2F ). BOEC VWF mRNA levels were low but within the normal range, whereas BOEC VWF protein levels were below the limit of the normal range (Figure 2A-B) . VWF release following PMA stimulation was below the limit of detection (Figure 4Bi ). BOEC VWF multimer analysis showed a strong band representing the VWF dimer, as in other type 1 patients, as well as weak staining for intermediate MW forms (Figure 2E ). IF analysis showed VWF staining, in punctate structures and in ER-like juxtanuclear material. Upon stimulation, a few VWF strings appeared at the cell surface, and the punctuate staining was slightly reduced (Figure 4Bii) ; however, intracellular VWF levels were not significantly decreased following PMA stimulation (Figure 4Bi, left panel) . EM analysis showed the presence of a few cigar-shaped WPBs as well as abnormal, rounded WPBs (Figure 4Biii ), possibly reflecting a defect of VWF assembly into tubules. Therefore, in this patient, the defect appears to be due to abnormal processing and/or storage combined with a small reduction in synthesis. Sequencing of the VWF gene showed that this patient is heterozygous for a common mutation causing an amino acid change in the A2 domain of VWF (Y1584C) ( Table 1 ; supplemental Figure 1 ).
BOEC phenotypes in type 2 VWD patients
We next focused on type 2 VWD patients, where the defect is predominantly functional, although a quantitative VWF deficiency is also often seen. 22 Of these, 1 was a type 2A (group 2) VWD (VWD-13), and 3 were type 2M VWD, of which 2 were members of the same family (VWD-2 and VWD-3) and the third (VWD-17) carried a different mutation (see Table 1 ). VWF mRNA levels in BOECs from these patients were normal in the first 3 but reduced in patient VWD-17 ( Figure 2C ) compared with 4 controls. Similarly, VWF intracellular levels were normal, despite considerable variability, in the first 3 patients and just below the normal range in patient VWD-17 ( Figure 2D ). There was no correlation between BOEC VWF mRNA or protein and plasma VWF:Ag (supplemental Figure 3D -E), suggesting that in these patients the levels of plasma VWF are not directly correlated to endothelial synthesis of VWF. In addition, mRNA did not correlate with VWF protein levels in BOECs (supplemental Figure 3F) . Detailed cellular analysis of each patient is described below.
Patient VWD-13. Patient VWD-13 has been diagnosed with type 2A VWD and carries a well-described mutation in the A2 domain of the VWF gene (R1597W) that causes enhanced cleavage by the protease ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13). 23, 24 As expected, plasma VWF from this patient shows loss of high-MW multimers ( Figure 2F ). In this patient's BOECs, levels of VWF protein were at the low end of the normal range (68 ng/mg total protein, Figure 2D ). PMA induced a low but significant increase in VWF release ( Figure 5A ), as shown by the decrease in VWF intracellular levels and increase in VWF supernatant levels. Analysis of BOEC lysates showed a normal pattern of VWF multimers ( Figure 2E ), in agreement with the model that the loss of high-MW multimers in this patient's plasma is due to enhanced cleavage by plasma ADAMTS13. Intracellular staining for VWF ( Figure 5B ) demonstrated some cigar-shaped staining, and upon cellular activation, VWF strings were visible on the cell surface. Therefore, the cellular data in patient VWD-13 show normal endothelial synthesis, processing, and storage of VWF and support the current notion of defective extracellular processing of VWF.
Patients VWD-2 and VWD-3. Patients VWD-2 and VWD-3 are from the same family with type 2M VWD. The mutation in this family (I1416T) resides in the A1 domain of VWF and has been shown to reduce flow-based platelet adhesion. 25 These patients show a very similar plasma phenotype, with normal multimeric composition ( Figure 2F ) and defective binding to glycoprotein Ib (see VWF:RCo, Table 1 ). In these patients, levels of BOEC VWF mRNA and protein were within the normal range ( Figure 2C-D) , and agonist stimulation induced significant increase in the release of VWF, with decrease in the cell lysate in both patients (Figure 6Ai,Bi) . VWF multimers from BOECs appear normal, in line with the pattern seen in plasma ( Figure 2E ). Normal intracellular staining of VWF with cigar-shaped WPBs was observed by light microscopy and by EM (Figure 6Aii ,Bii-iii); many VWF strings were released upon agonist stimulation (Figure 6Aii,Bii) . Therefore, the cellular data suggest that this VWF mutation does not affect the ability of the cells to synthesize, store, and release cellular VWF upon stimulation and are consistent with a functional defect in VWF. As in the previous case, the reduction in plasma VWF levels does not appear to be linked to a defect in endothelial synthesis and storage. For personal use only. Figure 2F) . A mutation was identified in the A1 domain of the VWF gene (R1315C). At variance with the other type 2 patients described previously, VWF mRNA and, to a lesser extent, protein levels in BOECs from this patient were reduced (Figure 2C-D) . A very small but significant increase in VWF release was detected upon agonist stimulation ( Figure 7A) . Surprisingly, repeated multimeric analysis of VWF from BOEC lysates ( Figure 2E) showed only a strong single dimer band, and no higher multimeric forms, similar to the pattern observed in 3 type 1 VWD patients. Staining of BOECs for VWF demonstrated a combination of diffuse, ERlike, and punctate rather than cigar-shaped staining, with rare VWF strings on the cell surface upon cellular stimulation ( Figure 7B ). EM analysis confirmed the presence of abnormal, rounded WPBs ( Figure 7C) , alongside rare elongated WPBs, consistent with a defect in storage and release of VWF. Therefore, in this patient, despite the diagnosis of type 2M based on the plasma parameters, cellular defects in VWF synthesis and possibly processing and storage are also present.
Discussion
Over the past 25 years, substantial progress has been made in the diagnosis and characterization of VWD, thanks mainly to advances in the genetic and molecular analysis of this common disease. 2 However, understanding of the cellular defects of VWD has lagged behind because of the complexity of accessing the relevant cells from patients and the difficulties in establishing reliable in vitro models. Here we demonstrate that the study of ECs, the main source of plasma VWF, 26 from patients with VWD, provides novel, important information on the pathogenesis of VWD and opens a new phase in the understanding of this complex disease.
BOECs (also called late outgrowth endothelial progenitor cells or endothelial colony-forming cells) are bone marrow-derived stem cells that have the ability to differentiate into mature ECs 27 and have been implicated in postnatal vasculogenesis and endothelial repair at sites of endothelial damage. 28 We have previously isolated BOECs from VWD patients 5 and patients with chronic obstructive pulmonary disease 29 ; another group had also previously reported isolation of BOECs from a patient with VWD. 30 These studies indicate that despite the well-known heterogeneity of ECs from different vascular beds, BOECs represent a valid model to investigate the phenotype of ECs in patients.
Here we have used this approach to characterize the cellular defects of 4 patients with type 1 VWD and 4 with type 2 VWD, all with mutations in the VWF gene. The main results of this study are as follows: (1) Analysis of mRNA from BOECs shows that decreased VWF transcript levels are more common in patients with type 1 VWD compared with type 2 VWD. (2) In these type 1 VWD patients, levels of endothelial gene transcription are predictive of the levels of plasma VWF. (3) A combination of cellular defects may be present in patients with type 1 VWD. (4) Similar cellular phenotypes but variable intracellular VWF protein levels are found in members of the same type 2M family. (5) In some type 2M VWD patients, cellular defects in synthesis and/or storage are also present.
Access to patients' BOECs allows the study of intrinsic cellular properties of the VWF protein, including trafficking, storage, and exocytosis, which cannot be observed using the standard plasma assays investigating VWF function. For example, lack or dysfunction of WPBs, as observed in BOECs from several type 1 VWD patients, may result in defective storage of other WPB components, such as regulators of inflammation and angiogenesis, which can themselves contribute to the disease.
Another unique feature of these studies is that they allow measurement of VWF mRNA levels in ECs, which has not been possible before, except for very rare cases where human umbilical vein ECs have been isolated from neonates with VWD. 31, 32 Whether the decrease in steady-state mRNA levels observed in type 1 VWD patients is the result of decreased gene transcription or rather a defect in mRNA stability needs to be determined. Mechanisms such as nonsense-mediated RNA decay, which is important for the removal of mutated mRNA, might be involved. 33, 34 In any case, the positive correlation between mRNA levels and intracellular and plasma VWF levels confirms the long-standing hypothesis that type 1 VWD is associated with a defective synthesis of VWF. Interestingly, recombinant interleukin 11 has been shown to increase mRNA expression for VWF in mild VWD and could be tested in patients' BOECs prior to treatment. 35 However, the type 1 VWD patients included in this study also showed defects in endothelial processing, storage, and/or secretion of VWF, suggesting a more complex cellular phenotype not simply linked to a decrease in VWF synthesis. Whether this applies to the majority of type 1 VWD cases will be determined by larger studies.
In all the patients selected for this study, we identified mutations in the VWF gene, a mix of common and rare mutations that give rise to a variety of clinical phenotypes. For several of these mutations (D75-G178del, Y1584C, R1597W, and R1315C), recombinant VWF protein has previously been expressed in nonendothelial models. Clearly, the study of endogenous mutant VWF in BOECs avoids potential artifacts that may be seen when expressing recombinant VWF in cell lines; it also avoids issues related to transfection efficiency or physiologically relevant expression levels and allows the study of mutants in the heterozygous state. Comparing the data on BOECs from VWD patients with the cellular data obtained with recombinant VWF with the same mutation provides a good indication of the relevance For personal use only. on January 22, 2018. by guest www.bloodjournal.org From of such studies. From the examples discussed subsequently, there seems to be a broad agreement between the patients' BOEC data and the data from recombinant models.
VWF multimer analysis on BOEC and plasma samples presented some intriguing results. In all the BOEC samples, VWF showed an abundance of lower-MW species compared with plasma VWF. In 3 out of 4 type 1 patients, only dimeric VWF was detectable. Several studies have shown that VWF from cell lysates is predominantly of the low-MW species, rather than the full range of multimers seen in cell culture supernatant or plasma. 13, 20, 36 This has been suggested to be due to the rapid transport of multimerized VWF to the extracellular compartment after exit from the ER. 13 Moreover, lower levels of VWF present in type 1 VWD may decrease the ability to detect higher-MW multimers. These reasons may explain the discrepancy between VWF multimers in BOEC lysates and plasma in these type 1 VWD patients.
Another possible reason for the presence of VWF dimers in BOECs may be a defect in ER processing of VWF, which appears to be common in the type 1 patients selected for this study, and most evident in VWD-8. In this patient, the mutation is a deletion of VWF exons 4 and 5, corresponding to the D1 region of the VWF propeptide, 21, 37 which is involved in multimerization. BOECs from this patient show defective processing of pre-pro VWF, which appears to be retained in the ER and fails to be properly packaged into WPBs. Thus, these data demonstrate for the first time an endothelial defect in VWF ER exit, linked to type 1 VWD, and are in line with the limited response to DDAVP treatment in this patient. Expression studies performed in HEK-293T cells had previously revealed that this mutation caused decreased secretion and defective multimerization of VWF, in line with our data from BOECs. No ER phenotype was reported in that study; however, dilation of the ER with associated impaired WPB packaging and cellular secretion has been seen in HEK-293T cells using other recombinant VWF mutants. 12, 20 Similar agreement between BOEC and recombinant model studies was found for the Y1584C mutation, identified in patient VWD-12 and previously reported in several type 1 VWD patients. [37] [38] [39] [40] [41] Expression studies in different cell types consistently reported reduced secretion of this mutant VWF, but variable data on the levels of intracellular mutant VWF. This is in line with BOEC data from patient VWD-12, which showed reduced expression of VWF mRNA and protein, and decreased agonist-stimulated release of VWF, with the presence of malformed, possibly immature WPBs.
The results from the cellular studies in type 2 VWD patients also provide new insights into the disease. Three out of 4 of these patients showed normal levels of VWF mRNA, concordant with the model that type 2 VWD is mainly a defect of VWF function. As ever in VWD, the phenotypes can be complex. For example, in the 2 members of the same type 2M family, carrying a known mutation in the A1 domain (I1416T), the intracellular levels of VWF protein were quite different. Nevertheless, BOECs from both patients released normal levels of VWF (both with and without secretagogue activation). The reason for this variability is unclear and suggests that some cellular phenotypes may be influenced by other factors besides the VWF mutation. Plasma VWF levels are influenced by a wide variety of factors, including hormonal state, growth factors, inflammation, and coexisting diseases, which clearly cannot be captured by studies on patients' ECs and may explain a discrepancy between normal endothelial synthesis and decreased plasma levels of VWF.
BOEC studies may also be useful in cases of difficult classification. Patient VWD-17 had an R1315C mutation in exon 28 of the VWF gene. Patients carrying this genetic defect have been classified as either type 1, 40 2M, 42 or 2A, 43, 44 reflecting the wide variety of plasma VWF phenotypes. Interestingly, reports of DDAVP response in these patients are also mixed, ranging from no response through partial to full response; in our case, the clinical data were not available. In patient VWD-17, the plasma phenotype was in line with a diagnosis of type 2M VWD (a ratio of VWF:Ag to VWF:RCo .0.7). Interestingly, multimer analysis of VWF in BOEC lysates from this patient showed only dimeric VWF, similar to the pattern observed when this mutant was expressed in COS-7 cells. 44 Our study indicates that this mutation causes a defect in VWF processing; this, combined with the reduced levels of BOEC VWF, may be responsible for the decrease in intracellular higher-MW multimers. The data in this patient indicate a complex type 2 VWD phenotype with multiple cellular defects and suggest how BOEC studies can provide a useful additional tool for the categorization of patients with unclear phenotypes.
In conclusion, we have demonstrated a novel approach to the study of VWD, which has revealed a further level of complexity in the variety of endothelial cellular phenotypes that can be associated with VWF gene mutations. Future larger studies will provide significant new insight into the molecular and cellular basis of this disease and provide the foundation for improved management of this disease. Moreover, BOECs may be a useful tool to study the effect of novel treatments in VWD, prior to their use in the patient, based on the patient's specific defect, leading the way to a personalized treatment of VWD.
